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ABSTRACT  
The sluggish kinetics of the oxygen reduction reaction (ORR) limit the efficiency of numerous 
oxygen-based energy conversion devices such as fuel cells and metal-air batteries. Among earth 
abundant catalysts, manganese-based oxides have the highest activities approaching that of 
precious metals. In this Review, we summarize and analyze literature findings to highlight key 
parameters that influence the catalysis of the ORR on manganese-based oxides, including the 
number of electrons transferred, specific and mass activities. These insights can help develop 
design guides for highly active ORR catalysts, and shape future fundamental research to gain new 
knowledge regarding the molecular mechanism of ORR catalysis. 
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1. Introduction 
Efficient catalysis of the oxygen reduction reaction (ORR) is critical to electrochemical energy 
conversion, as the dominant source of loss in fuel cells1 and discharge of metal-air batteries.2-5 
Platinum and its alloys have been extensively investigated due to their high activity for the ORR,1, 
6 and are utilized commercially in proton exchange membrane fuel cells operated near room 
temperature for electric vehicle applications. However, material cost and scarcity have limited 
scaling-up of Pt-based catalysts for renewable energy applications, and have motivated the study 
of alternative, more abundant catalysts.7-10 Moving from acidic to basic solution, earth abundant 
metal oxides exhibit ORR activities that can approach those of Pt–metal.11-12  
Catalysts with particular promise to catalyze the ORR in basic solution fall within the family of 
manganese oxides, which are abundant, inexpensive, and nontoxic with rich oxide chemistry. 
Some manganese oxides are among the most active oxide catalysts.11-12 We show that the activities 
per material cost for Pt/C and LaMnO3+δ can be comparable while -MnO2 can have higher 
activity per cost than Pt/C, where the cost was approximated on a metals basis (weighted elemental 
contribution from La and/or Mn, Figure 1).  
 
0.01
0.1
1
10
100
1000
10000
100000
money
mass
j 
(m
A
/c
m
2 o
x
/P
t o
r 
A
/g
 o
r 
A
/$
)
Pt/C LaMnO
3+d
a-MnO
2
specific
 3 
Figure 1. Specific (mA/cm2ox/Pt; white bars), mass (A/g; red crossed bars) and monetary (A/$; 
market price of metals Pt, Mn and La;13 hatched blue bars) of Pt/C,14 LaMnO3+δ,
11 and α-MnO2,15 
at 0.8 V vs. RHE in 0.1 M KOH.  
Here we will compare the specific activity being current per oxide surface (mA/cm2oxide) and the 
mass activity being current per oxide mass (A/goxide) for Mn-based oxides. The specific activity is 
a practical approximation of the activity per active site (or turnover frequency), which is often 
unknown, and reflects the intrinsic activity of a chemistry. High mass activity—determined by 
particle size and morphology—is important for the development of catalysts for practical devices, 
which reduces the cost, size and weight. The optimal electrocatalyst should have both high specific 
activity and high mass activity. In addition to consideration of ORR current, four-electron 
reduction of molecular oxygen is desirable. The ORR in alkaline media can proceed by four-
electron reduction pathway to produce hydroxide (OH–) or by two-electron reduction pathway to 
produce hydroperoxide (HO2
−).16 Pt-based catalysts that can dissociate the oxygen-oxygen bond 
catalyze the ORR by the four-electron reduction pathway.17-18 Many active oxides for the ORR 
have shown to exhibit a number of electrons transfer close to four,14, 19-21 which can be influenced 
by factors such as the valence state22 of metal ions and the type of metal ions.    
In this review, we focus on the recent development of manganese oxide catalysts for the ORR 
in alkaline media. First, we introduce the electrochemical techniques for the ORR process, 
comparing the benefits and shortcomings of different electrode geometries and measurement 
techniques. We next assess the importance of Mn valence state in catalysis of the ORR. Manganese 
oxides—both simple (containing only Mn and O) and complex (where the valence can be tuned 
by the addition of other cations in the spinel or perovskite structure)—have been synthesized from 
diverse techniques ranging from electodeposition of amorphous materials to epitaxial deposition 
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of crystalline films. Comparing specific activities enables a true understanding of the role of Mn 
valence in catalysis. While computations of the reaction mechanism are not extensive, experiments 
show the numerous polymorphs for even the “simple” MnO2 can catalyze the ORR to produce 
hydroperoxide or hydroxide, and combinations thereof. We therefore consider the role of Mn 
valence in determining the products of ORR catalysis, as well as the relation between the activity 
toward peroxide disproportionation and reduction and the apparent reaction mechanism. In situ 
evaluation of catalysts highlights the reduction of Mn under ORR conditions, as well as the 
potential and pH dependence of material stability, also considered through computation. These 
cumulative studies have developed great insight into the mechanism of oxygen reduction to 
hydroperoxide and hydroxide, as well as support interactions.  
 
2. Measuring and Quantifying ORR Kinetics: Specific and Mass Activities and the Number 
of Electrons Transferred 
In order to measure ORR activity of a catalyst, three methods are commonly employed. We 
discuss their strengths and weaknesses; in particular, not all methods yield reliable measurements 
of the mass and specific activity. For a detailed comparison of different estimations of catalyst 
surface area, we refer the reader to the IUPAC recommendation23 and our previous review.24 First, 
catalysts can be included in gas diffusion electrodes25 (GDEs) or fuel cell membrane electrode 
assemblies (MEAs) in a 2-electrode setup, which can be tested in alkaline fuel cells or metal-air 
batteries.1, 26 These GDEs and MEAs have thicknesses on the order of tens to hundreds of microns 
and typically consist of carbon and binder in addition to the catalyst. It is challenging in GDEs or 
MEAs to assess activity, and especially specific activity, due to the ill-defined electrochemically 
active (exposed to the electrolyte and electrically contacted) catalyst surface area and oxygen 
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transport losses in the thick composite, which are difficult to separate from ORR kinetics. 
Nonetheless, these tests are needed to demonstrate the usefulness of electrocatalysts in actual 
devices.   
Second, rotating disk electrode (RDE) measurements, with well-defined oxygen transport by 
convection, can remove the influence of oxygen transport on ORR kinetics.27 In this measurement, 
oxide powder is often dispersed with a high surface area carbon and binder such as ion-exchanged 
Nafion14 to form a composite layer of ideally less than 100 nm to approximate a flat surface.28 
Using the RDE method, the apparent number of electrons transferred can be deduced via the 
relation between limiting current (normalized to the projected area of the disk) and rotation speed, 
analyzed with the Levich equation.29 This analysis is only applicable if a sufficient amount of 
catalyst is added to be able to reach the limiting current within 10% of its theoretical value28 
(dashed lines in Figure 2). The expected ORR limiting current densities are close to 5.8 mA/cm2disk 
at 1600 rpm in 0.1 M KOH at room temperature30-31 for the hydroxide pathway (four electrons 
transferred; n = 4), as shown for Pt/C, LaMn0.5Cu0.5O3 and Mn3O4 in Figure 2A, and half that (2.9 
mA/cm2disk) for the hydroperoxide pathway (two electrons transferred; n = 2) as shown for glassy 
carbon in Figure 2A. The number of electrons transferred or the amount of peroxide generated 
during the ORR can be also obtained with rotating ring disk electrode (RRDE) measurements, 
where the disk is surrounded by a Pt ring polarized such that oxidation of any HO2
– from the ORR 
is diffusion limited.32 Taking the ratio of the ring current to the total measured current, normalized 
by the calibrated collection efficiency, enables estimation of the fraction of peroxide produced. 
This allows deconvolution of a mixed pathway, however only HO2
– that escapes from the electrode 
will be detected and side reactions (e.g. Mn reduction) must not occur. In summary, the (R)RDE 
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method can yield quantitative results for specific activity (if surface area is known), mass activity 
and the number of electrons transferred (or the product ratio of hydroxide to hydroperoxide). 
  
Figure 2. Geometric current density (normalized to disk area) of (A) LaMn0.5Cu0.5O3,
14 Mn3O4,
12 
electrodeposited MnOx
33 (after annealing at 450 °C) and (B) δ-MnO2,15 β-MnO2,15 α-MnO2.15 Both 
panels contain Pt supported on carbon (Pt/C; 46 wt% TKK, Japan)14 and glassy carbon as 
references. All measurements were obtained by cyclic voltammetry at 1600 rpm. Theoretical 
limiting currents for the four-electron and two-electron pathways are indicated by solid lines 
together with a ±10 % margin (dashed lines). Reproduced from refs. 14, 33 with permission from 
the Electrochemical Society and refs. 15, 12 with permission from the American Chemical Society. 
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Third, quiescent electrodes can be measured in the kinetic limited regime near the onset of 
catalytic activity in a three-electrode geometry using cyclic voltammetry or potentiostatic 
measurements. Kinetically controlled currents can be confirmed by assuring the measured activity 
does not change with increased oxygen flow or electrolyte circulation.34 This method is 
particularly useful to study ORR kinetics on films deposited on metal or semiconducting 
(transparent) oxide substrates in the absence of rotation as it is typically not straightforward to 
incorporate these samples in the RDE setup.35 Examining ORR kinetics on oxide thin films allows 
a more accurate measure of the specific activity of solely the oxide surface34, 36 in comparison to 
ORR studies of composite electrodes that consist of oxide and carbon particles. As carbon is very 
active for the two-electron pathway of the ORR forming hydroperoxide,37-38 its presence in 
composite electrodes can greatly influence the measured number of electrons transferred and ORR 
activity of catalysts with low activities.35, 37, 39-42 In addition, these thin-film oxide samples allow 
study of the role of well-defined surface terminations on ORR kinetics.34, 43-44 Moreover, studying 
pure catalysts without the incorporation of conductive carbon enables the measure of charge 
transfer kinetics on the oxide surface using kinetically facile redox couples such as [Fe(CN)6]
3-/4- 
in solution,45 independent from ORR kinetics measurements.46 Having relatively thin oxide films 
on conductive substrates (Nb-doped SrTiO3 or Pt) to facilitate charge transfer kinetics at the oxide 
surface is critical, as most manganese oxides are poor electronic conductors. For example, 200 nm 
polycrystalline LaMnO3 and La0.8Sr0.2MnO3 films studied by Miyahara et al.
45 were found more 
resistive than a Pt surface, illustrated by the [Fe(CN)6]
3-/4- reaction. Some rotation dependence in 
current was still observed, considered by the authors to illustrate sufficient electronic 
conductivity.45 However, we caution that hindered kinetics of [Fe(CN)6]
3-/4- suggests a comparable 
resistive component to the ORR.  
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3. Key Factors Influencing ORR Kinetics on Manganese Oxides 
Although manganese oxides have been studied extensively, key factors that influence the specific 
ORR activity are not well defined because it is not straightforward to compare across different 
studies where manganese oxides have been synthesized by a number of techniques such as 
electrochemical deposition,47-51 hydrothermal methods,21, 52 soft chemical approaches,41-42, 53-55 
annealing steps33, 56 and electrochemical treatment.52 Each technique results in considerably 
different crystal/particle size,22 shape,21 porosity,57 and electronic conductivity58. Not only do these 
properties affect the mass activity of the oxides, but also they correlate with the electronic structure 
at the surface and thereby give rise to different specific activities.  
 
Figure 3. Illustration of the crystal structures of select common manganese oxides: (A) rutile β-
MnIVO2 (pyrolusite); (B) R-Mn
IVO2 (ramsdelite); (C) α-MnIVO2 (hollandite); (D) δ-MnIVO2 
(birnessite); (E) γ-MnIIIOOH (manganite); (F) α-MnIII2O3 (bixbyite); (G) AMnIII,IVO3-δ 
(perovskite) and (H) MIIMnIII2O4 (spinel, e.g Mn3O4 or CoMn2O4). Manganese is shown by gray 
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octahedra, transition metals by black tetrahedra, oxygen by small black circles and group 
II/lanthanide cations (denoted “A”) as large black circles. For clarity, protons were omitted and 
the two crystallographic Mn sites of α-MnIII2O3 are shown in different shades of grey.  
Manganese in oxides adopt a variety of crystal structures and may exist in different valence 
states of 2+, 3+ and 4+, or mixtures thereof.59 The crystal structures of manganese oxides most 
relevant to oxygen reduction are shown in Figure 3. Manganese dioxides can crystalize in different 
one-dimensional tunnel structures such as β-MnO2 with 1x1 tunnels and space group P42/mnm 
(ref. 60; Figure 3A), Ramsdelite MnO2 with 1x2 tunnels and space group Pmna (Figure 3B), an 
intergrowth of these phases with both 1x1 and 1x2 tunnels referred to as electrolytic manganese 
dioxide (EMD),61 and α-MnO2 with 2x2 tunnels and space group I4/mmm (Figure 3C).62 β-MnO2 
is thermodynamically most stable at room temperature among all manganese oxides.63-64 Another 
commonly studied manganese oxide is of the birnessite-type (δ-MnO2), which consists of layers 
of Mn octahedral in space group C2/m (Figure 3D), containing some extent of group I cations 
between the layers and reducing some of the Mn to 3+. In reduced forms fully comprised by Mn3+, 
γ-MnOOH has similar 1x1 tunnels59 to β-MnO2 with the space group P21/C (ref. 65; Figure 3E), 
where the Mn3+ is surrounded by edge-sharing octahedra of half O and half OH ligands, bixbyite 
α-Mn2O3 has corner-sharing octahedral, some of which are stretched with longer apical bonds due 
to Jahn-Teller distortion giving the orthorhombic space group Pcab (ref. 66; Figure 3F), and 
perovskites denoted AMnO3 have corner-sharing octahedra and rare earth ions on the A site 
(Figure 3G). In further reduced forms, the spinel Mn3O4 forms a mixture of Mn
2+ and Mn3+ found 
in tetrahedral and octahedral sites, respectively, with space group Fd-3m (ref. 67; Figure 3H).  
 
3.1 Specific ORR Activity  
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Reports of specific activity are scarce in literature. In this review, we have calculated and 
compared specific activities for select manganese oxides based on reported currents at 0.8 V or 0.7 
V vs. RHE and oxide surface areas (Table 1). Regardless of crystal structure, the manganese 
oxides surveyed in Table 1 containing Mn3+ appear to have higher specific activities than those 
containing exclusively Mn2+ or Mn4+. 
The presence of Mn3+ with some Mn4+ is a key to achieve high specific ORR activities in 
perovskites. Previous findings11 have shown that having Mn valence slightly above 3+ can provide 
the highest specific ORR activities found for perovskite oxides (mixed with AB carbon) in basic 
solution (Figure 4A). The Mn valence state can be tuned in the perovskite structure by substitution 
of cations at the A-site, partial substitution of manganese for an aliovalent transition metal, and 
stoichiometry of oxygen (3±δ). Substituting divalent cations such as Sr2+ for La3+ and thus 
oxidizing some Mn3+ to Mn4+ increases the ORR activity.11, 36, 68 For negligible oxygen 
nonstoichiometry in the La1-xSrxMnO3 (LSMO) perovskite crystal structure at room temperature, 
the nominal average valence of octahedrally-coordinated Mn can be estimated by charge 
conservation. In a study of LSMO powders with six Sr substitutions (on glassy carbon),22 
La0.4Sr0.6MnO3 (nominal valence Mn
3.6+) has the highest ORR activity in 1 M KOH (180 µA/cm2ox 
at 0.8 V vs. RHE), over an order of magnitude improvement compared to other LSMO.22 This 
finding is supported by a recent study of epitaxial thin films of the pseudocubic (001)pc 
orientation,36 where La0.77Sr0.33MnO3 (no exposed substrate) has the highest ORR activity in 0.1 
M KOH (380 µA/cm2ox at 0.8 V vs. RHE) amongst seven Sr substitutions. It is proposed that mixed 
Mn valence results in favorable charge transfer to adsorbed oxygen and renders high ORR activity 
as probed by a fast redox couple at 1.2 V vs. RHE.36 On the other hand, having largely Mn4+ results 
in low ORR activities as shown by the poor activity of LaNi0.5Mn0.5O3 (mixed with AB carbon in 
 11 
0.1 M KOH), where Mn ions are 4+ accompanied with Ni2+ ions (Figure 4A),11 as well the low 
activity of CaMnO3 thin films with Mn
4+ compared to LaMnO3 (Figure 4B).
34 Moreover, tuning 
Mn valence via oxygen nonstoichiometry has shown that having some Mn4+, but no more than 
Mn3+, is essential for high ORR activities. For example, LaMnO3+ (mixed with AB carbon in 0.1 
M KOH),69 with ~20% of the Mn in the 4+ oxidation state, has high specific ORR activity (1.3 
mA/cm2ox at 0.8 V vs. RHE), greater than that of stoichiometric LaMnO3.
11 A secondary example 
is that of CaMnO2.77 (mixed with Vulcan carbon in 0.1 M KOH) with Mn
3.5+, which has specific 
ORR activity ~2x improved (184 µA/cm2ox at 0.8 V vs. RHE) compared to CaMnO2.90 with average 
valence of Mn3.9+,19 where the oxygen non-stoichiometry was tuned by thermal reduction. 
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Figure 4. (A) Volcano trend of ORR activity of powder perovskites (surface area from scanning 
electron microgram, SEM) with estimated eg occupancy of the transition metal ions as reported 
previously.11, 24 (B) Oxygen reduction activity at 40 μA/cm2 current of Mn-containing perovskite 
films grown epitaxially on a Nb:SrTiO3 substrate.
34, 36 The nominal valence is estimated by the % 
Sr2+ substitution for La3+ in La(1-x)SrxMnO3 (colored triangles)
36 and a trend in reduced valence by 
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X-ray absorption spectroscopy (XAS) with reduced film thickness (gray circles).34 (C) ORR 
activity as a function of the ionic radius of lanthanide (A3+) in AMnO3±δ measured in GDE.
70 All 
oxides had comparable surface area of 13±1 m2/g. Solid symbols required an additional annealing 
step for comparable surface area. The panels of this figure were reproduced from (A) ref. 11 with 
permission from Nature Publishing Group and (C) ref. 70 with permission from the Electrochemical 
Society.  
The critical role of Mn3+ in achieving high ORR activity can be rationalized by considering 
how the electronic structure interacts with adsorbed oxygen, assuming the valence of Mn at the 
surface reflects that in bulk for well-crystallized materials. In a truncated octahedral environment 
(such as the (001) surface of a perovskite), the eg antibonding orbitals of Mn
3+ directly overlap 
with apically adsorbed oxygen, through which the eg filling can influence the binding strength of 
O2 on the Mn
3+ ions. Following the well-known four-step proton-electron-couple reaction 
mechanism for the ORR (Figure 5A):11, 24, 71 (1) O2 adsorbs as OO
2− onto a Mn site, displacing an 
OH− group from the surface, (2) the peroxo group is protonated to form OOH−, (3) an OH− group 
is removed from the surface, leaving a superoxo O2− group, which (4) is protonated to reform the 
hydroxyl covered starting surface. The rate of oxygen adsorption to replace OH− adsorbed on the 
Mn ion site (step 1) is considered to limit ORR kinetics on metal oxides, where the oxygen 
adsorption strength on the Mn ion site can be dictated by the electron filling of the eg orbitals of 
metal ions.11, 72 Thus going from zero eg electrons in Mn
4+ to one eg electron in Mn
3+ decreases the 
strength of oxygen adsorption73 and facilitates the exchange kinetics of OH− by O2 on the Mn site, 
leading to an optimum ORR activity at an eg filling slightly less than one and corresponding to 
mixed Mn3+/4+ in LaMnO3+δ.
11   
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Several publications34, 36, 43, 74 have shown that ORR activities of epitaxial oxide thin films can 
be comparable to those of ink-casted oxide powders. However in contrast to 15 nm epitaxial films 
on a conductive substrate discussed above,36 catalyst-support interactions have been found to play 
a notable role in the study of thinner (001)pc-oriented LaMnO3±δ. Decreasing the film thickness 
from 10 to 1 nm led to a dramatic reduction in activity, attributed in part to charge-transfer from 
the Nb:SrTiO3 substrate, reducing some of the Mn to a less active 2+ valence state.
34 Thus, an 
activity volcano for solely Mn perovskites can be generated in which the activity is tuned by orders 
of magnitude with the valence state via A-site substitution and substrate effects, where a mix of 
Mn3+/4+ valence is most active (Figure 4B). 
In addition to eg filling as a primary factor governing ORR activity, the covalency of the Mn-O 
bond can influence specific ORR activity but to a lesser extent,11 as Mn-O hybridization can  
mediate electron transfer46 to oxygen.11, 75 This concept is supported by the fact that ORR activity 
of AMnO3±δ increases with increasing the A-site cation radius, which is accompanied with 
increasing basicity of the A-site76-77 and covalency of Mn-O bonds (Figure 4C),70 provided that 
the oxygen nonstoichiometry of these AMnO3±δ oxides does not change significantly. Such an 
effect has also been observed in comparing ABO3 perovskites at fixed eg occupancy,
11 where 
increasing the B-O covalency (B = Mn, Co, and Ni) increased ORR activity. 
The critical role of Mn3+ in octahedral sites to provide high specific ORR activity is further 
supported by studies of the spinel structure, MIIMIII2O4, which incorporates Mn
2+ at tetrahedral 
sites and Mn3+ at octahedral sites (Figure 3H). Tetragonal CoMn2O4 with octahedral Mn
3+ (mixed 
with Vulcan carbon in 0.1 M KOH, ref. 78) has shown to be over an order of magnitude more active 
than cubic MnCo2O4,
79-80 with tetrahedral Mn2+ (activities in Table 1), further supporting that 
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octahedrally coordinated Mn3+ is needed to catalyze ORR kinetics. Unifying both motifs, the spinel 
Mn3O4 (ref. 12, 47) can exhibit specific activities of up to 700 A/cm2ox at 0.8 V vs. RHE.  
Considering other binary oxides, the β-phase (β-MnO2) is an order of magnitude more active (67 
µA/cm2ox at 0.8 V vs. RHE) than α-MnO2 or δ-MnO2 (6-7 µA/cm2ox at 0.8 V vs. RHE; Table 1).15 
However, we caution that other activity-determining parameters, such as oxygen defects81 and the 
corresponding Mn valence82-83, in addition to the reaction product (OH− or HO2
−) might also differ 
for these phases. This is emphasized by the contrasting report of activity decreasing in the order 
of α > β > γ-MnO2 reported in a comparison of nanowires with more comparable morphology and 
size, but lacking a report of specific surface areas.21 
 
3.2 The Number of Electrons Transferred in ORR  
The ORR can proceed to form hydroxide or hydroperoxide in alkaline media. In the direct 
pathway, four electron transfers occur on the same catalytic site to form hydroxide (Figure 5A). 
In the series pathway, there is an initial two-electron reduction of oxygen to peroxide (Figure 5B), 
proceeding by the same pathway than steps 1 and 2 in the four-electron reduction in Figure 5A, 
however difficulty in cleaving the O-O bond results in desorption of the protonated group as 
hydroperoxide (HO2
−). This can be followed by either a two-electron reduction of re-adsorbed 
hydroperoxide to hydroxide (Figure 5C) via a superoxo O2− intermediate, or by or the peroxide 
disproportionation reaction that produces O2 in half the original amount via a chemical step, which 
can be subsequently reduced to peroxide in an “apparent” four-electron process (reinitiating the 
process of Figure 5B). The four-electron ORR is desirable for energy conversion applications, and 
the generation of peroxide during the ORR needs to be minimized as it can chemically attack 
catalysts,25, 84 catalyst support,38 and ion-conducting membranes in fuel cells.85-86  
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Figure 5. Possible pathways of electrolytic oxygen and peroxide reduction; orange denotes species 
on the catalyst surface and blue/purple denotes species in solution. (A) Four-electron pathway 
reducing O2 to hydroxide;
11, 24, 71 (B) two-electron pathway reducing O2 to peroxide;
87 (C) two-
electron reduction of peroxide.88 
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The presence of Mn3+ with some Mn4+ is key not only to facile ORR kinetics, but also to 
increasing the number of electrons transfer and the fraction of hydroxide (four electron) relative 
to peroxide.22 Koutecky-Levich analysis illustrates that the perovskite LaCu0.5Mn0.5O3 (Mn
3+) 
supported on high surface area carbon exhibits a direct or apparent four-electron process for the 
ORR,14 and RRDE measurements show the percent of hydrogen peroxide production on carbon-
supported La0.8Sr0.2MnO3,
87 LaMnO3,
89 and LaNi0.5Mn0.5O3
89 is <10%. A-site substitution in 
perovskites can also increase the number of electrons transfer associated with ORR and the fraction 
of hydroxide (four electron) relative to peroxide, with maximum n observed intermediate Mn3+/4+ 
mixtures.22 This is in contrast to perovskites of primarily Mn4+, such as CaMnO3 and 
CaMn0.85Ru0.15O3, which produce around 30% peroxide,
90 suggesting the presence of Mn3+ (with 
a small amount of Mn4+) maximizes the four-electron process for the ORR.  
The stoichiometry of different binary manganese oxides (dictating manganese valence state) has 
also been shown to influence the number of electrons transferred by Koutecky-Levich analysis and 
HO2
– detected via RRDE measurements. The limiting currents in Figure 2B suggest that α-MnO2 
catalyzes the ORR by close to a four-electron pathway (oxygen to hydroxide) while the number of 
electrons transferred in the ORR on δ-MnO2 and β-MnO2 is less than 4.15 Mn3+-based oxides 
(supported on gold in 0.1 M KOH) such as Mn2O3 and γ-MnOOH yielded <5% peroxide while 
more reduced forms such as Mn5O8 and Mn3O4 with Mn
2+ and Mn3+ have peroxide yields closer 
to 15%.41 Doping MnOx with metal cations Ni
2+ and Mg2+ (mixed with carbon black in 0.1 M 
KOH) has also demonstrated improved selectivity toward the four-electron  pathway,84 which was 
attributed to stabilizing intermediate Mn3+/Mn4+ species.53 Tetragonal CoMn2O4 with octahedral 
Mn3+ (ref. 78) has been shown by Koutecky-Levich analysis to exhibit an electron transfer number 
close to 4, higher than that of the cubic MnCo2O4,
79-80 with tetrahedral Mn2+. Thus, studies of 
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binary manganese oxides also point to Mn3+, possibly including some Mn4+ (but not Mn2+) as key 
to catalyzing the four-electron process. We caution, however, that common support materials such 
as carbon37-38 and gold91 are active for oxygen reduction to hydroperoxide (2 e−) at large 
overpotentials, and may influence the observed number of electrons transferred.  
 
3.3 The Activity for Peroxide Disproportionation  
Manganese oxides can disproportionate peroxide chemically to generate molecular oxygen and 
water or hydroxyl species, where oxygen can be further reduced. Therefore, peroxide 
disproportionation kinetics on oxides can play an important role in ORR kinetics. MnO2,
92-93 
MnOOH,41 and mixed oxides such as spinels and perovskites94-95 are active toward hydrogen 
peroxide decomposition, which can influence the number of apparent electrons transferred during 
ORR.  
The activity toward hydrogen peroxide decomposition can be influenced by Mn valence in 
oxides. Partial substitution of La3+ by Sr2+ or Ca2+ in La(1-x)AxMnO3 (A = Sr, Ca) has been shown 
to increase the activity toward peroxide decomposition.96-97 In La(1-x)SrxMnO3, the activity for the 
HO2
− decomposition was maximum at x=0.8, the highest Sr (and Mn4+) content tested.96 The 
corresponding increase in activation energy with activity suggested the compensation effect,98 thus 
Mn4+ sites are considered active for peroxide decomposition.96-97 We note, however, that such 
studies did not consider chemistries with fully Mn4+ character.  
Comparison of α-MnO2 nanorods99 prepared to yield a range of average Mn oxidation states 
(3.91, 3.85, and 3.73+) found a successive increase in the rate of hydrogen peroxide decomposition 
(0.14 to 0.53 s-1g-1), which exceeded the difference in surface areas (90-140 m2/g). This paralleled 
the increase in the limiting current and therefore the number of electrons transferred as measured 
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by RDE, as well as the exchange current density (8.1 to 10 µA/cm2disk at constant loading).
99 
Therefore, having a considerable amount of Mn3+ in addition to Mn4+ is necessary to promote 
peroxide disproportionation kinetics and thus ORR kinetics. This hypothesis is supported by the 
observation that Ni-substituted α-MnO2 with comparable surface area to Ni-free α-MnO2 exhibited 
a 4-fold increase in the rate of hydrogen peroxide decomposition, slight increase in limiting 
current, and 2-fold increase in exchange current density.99  
It is interesting to contrast peroxide decomposition activity with ORR kinetics, where a large 
number of Mn3+ sites (ideally mixed with a smaller amount of Mn4+ sites) are needed to give high 
ORR activity. Having Mn3+ catalyzing ORR and Mn4+ catalyzing peroxide decomposition, which 
facilitates the apparent four-electron process, is in agreement with the following observations: 
First, the HO2
− production from La(1-x)SrxMnO3 during the ORR is minimized with moderate 
incorporation of Sr (closest to four-electron process for x = 0.6).22 Second, LaxCa0.4MnO3 has 
shown largely four-electron transfer for ORR, with decreased peroxide production as x decreases 
from 0.6 to a nonstoichiometric, cation deficient composition.100  Third, CaMnOx with 
intermediate Mn3+/4+ composition has shown an increased number of electrons transferred in 
comparison to Mn3+ or Mn4+ end members.101  
While the two-electron reduction of oxygen to peroxide can occur on carbon102-103 or manganese 
oxides,103-104 the catalytic activity for peroxide disproportionation has been attributed solely to 
manganese oxides to give rise to apparent four-electron reduction of oxygen.41, 104 This hypothesis 
is supported by a study from Calegaro et al.105 where increasing the manganese oxide load (mixture 
of β-MnO2 and Mn2O3) relative to carbon was shown by Koutecky-Levich analysis to increase the 
number of electrons transferred from 2.1 to 2.8.105 Further support comes from the fact that the 
efficacy of this process increases with decreasing scan rate in cyclic voltammetry, attributed to 
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increased residence time for the manganese oxides to regenerate sufficient O2 from 
disproportionation.41  
Besides chemical disproportionation, there is a second route to increase the number of electrons 
transferred while involving peroxide intermediates: the electrochemical reduction of peroxide. 
Various types of high-surface area carbon have been added to enhance the conductivity of 
composite electrodes in previous studies.39-40, 42 Due to the two-electron reduction of oxygen 
to peroxide on carbon, one would expect an increase of the peroxide yield when carbon is added. 
However, La0.8Sr0.2MnO3 alone (supported on glassy carbon) produced around 40% peroxide,
22, 87 
while incorporation of carbon black reduced the production to <10%; increased loading of both 
catalyst and support further reduced HO2
– production.87 This suggests the oxide catalyst alone may 
not have sufficient conductivity to reduce peroxide produced on the glassy carbon substrate, which 
can be overcome by mixing with high surface area carbon for conductivity. 
 
3.4 ORR Mass Activity  
While specific activity of the ORR on manganese oxides can be influenced greatly by oxidation 
state, eg occupancy and covalency, ORR mass activity is also affected by specific oxide surface 
area (m2/goxide). A survey of mass activities from different manganese oxides can be found in Table 
1, where mass activity trends among these oxides are discussed below. Most perovskites need to 
be crystalized with high annealing temperatures,106 resulting in micron-sized particles with low 
specific surface areas (<10 m2/g). While there have been some efforts to make perovskite 
nanoparticles,19-20, 101, 106 the majority of reported perovskite catalysts have comparably large 
particle sizes and low to moderate mass activities (Table 1). On the other hand, binary Mn-based 
oxides can be formed at lower temperatures,80 thus aiding in the production of nanostructured 
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particles with high surface areas exceeding 30 m2/g (ref. 11). Amongst materials supporting four-
electron reduction, perovskite CaMnO3-δ nanoparticles remarkably exhibit the highest mass 
activity (~70 A/goxide),
19 and spinel CoMn2O4 has the second highest mass activity (60 A/goxide).
78 
Nanostructured 1D-tunnel-structure manganese dioxides have considerably lower mass activity, 
among which α-MnO2 is the most active (7 A/goxide).15 Although MnO2/C (predominantly β phase 
with some Mn2O3) has been shown to have a mass activity of 100 A/goxide,
104 the number of 
electrons transfer is close to two yielding largely peroxide, which is highly undesirable for energy 
conversion applications. 
Generally speaking, surveying average Mn valences ranging from 2.6 to 4 in both powders,41, 
107-108 and nanorods,52, 109 Mn in the higher oxidation state of Mn3+/4+  has been found most active 
by mass, similar to findings from the specific activity discussed above. The ORR mass activities 
of manganese oxides41, 107 increased with Mn oxidation state from 1.2 to 1.4 A/goxide at 0.7 V vs. 
RHE in the sequence of Mn5O8<Mn3O4<Mn2O3<γ-MnOOH.41 Comparison with other studies 
suggest a mass activity of MnO2 allotropes 2-100 times greater
15, 21, 110-111 than more reduced 
oxides. 
 
4. Toward Understanding of Manganese Oxide Surfaces During the ORR 
With the above discussion concerning the role of Mn valence in ORR activity from the 
perspective of characterization proceeding catalysis, we turn next to review the surface of 
manganese oxides during ORR conditions. A computed E-pH (Pourbaix)112 diagram of MnOx from 
density functional theory (DFT) calculations shows that the β-MnO2 phase with low-index (110) 
facet and partial coverage by adsorbed O is stable at the equilibrium potential of the ORR at 1.23 
V vs RHE (Figure 6A).113 Polarizing to the onset of the ORR (0.83 V vs. RHE) leads to the Mn2O3 
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(110) surface covered with a half monolayer of adsorbed OH as the  most stable, which can be 
further reduced to a clean Mn3O4 (001) surface at lower potentials of 0.69 V vs. RHE.
113 DFT 
calculations suggest that the ORR may occur through an associative mechanism, where O2 adsorbs 
intact with intermediates as in Figure 5 a (in contrast to a direct dissociative/recombination 
mechanism), on surfaces of Mn2O3 (110) and Mn3O4 (001) stable under ORR-relevant conditions 
(termed “self-consistent”). The computed overpotential was highly dependent on the stabilization 
of intermediates through hydrogen bonds with water molecules.113 Such calculations have found a 
theoretical onset potential of 0.4 V comparable to that measured experimentally for α-Mn2O3.113  
For ternary oxides such as the perovskite LaMnO3, DFT has assessed the relative stability of 
different terminations of the (001) facet as a function of pH and potential.114 Near the equilibrium 
potential of the ORR at 1.23 V vs. RHE, an oxidized Mn surface is most stable with some Mn 
vacancies, where all Mn atoms are fully coordinated to O. Under ORR conditions, the surface 
becomes protonated, being fully saturated with OH groups for potentials <0.76 V vs. RHE. At 
even lower potentials <0.58 V vs. RHE, the surface groups are reduced, leaving a bare MnO2 (001) 
facet. These changes in character of the surface adsorbates are linked to subsequent reduction of 
the Mn valence state. The energetics of ORR intermediates computed on this surface are in 
agreement with the ORR proceeding under such applied potentials. 
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Figure 6. (A) Simplified Pourbaix diagram of phases predicted for ORR conditions by DFT for 
binary manganese oxide,113 including the stable region for the perovskite LaMnO3.
114 Within the 
stable regions, surfaces at lower potentials are clean or covered with *OH, and those at higher 
potentials covered in *O. (B) In situ X-ray absorption115 at the Mn K-edge (fluorescence yield 
mode) of electrodeposited MnOx at 0.7 V vs. RHE, as-deposited and relevant references. Adapted 
from ref. 113 with permission from the PCCP Owner Societies and from ref. 115 with permission 
from the American Chemical Society. 
The valence state of Mn has been shown experimentally to change as a function of ORR 
potential.115-117 In situ evaluation of catalysts with hard X-ray absorption spectroscopy at the Mn 
K-edge highlights the reduction of Mn under ORR conditions, as predicted by DFT, with highly 
active materials having Mn3+/4+ redox near the ORR onset.117 Annealing β-MnO2 particles on 
Vulcan carbon (X-72) to an ex situ stoichiometry of Mn2O3/C and Mn3O4/C eliminated a redox 
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feature coincident with the ORR half-wave potential (0.75 V vs. RHE), leading to reduced ORR 
activity, which can be  attributed to that thermal reducing Mn to a 3+ valence, prohibiting Mn3+/4+ 
redox during the ORR.117 
More recent in situ XAS studies at the Mn K-edge of MnIIIOx films electrodeposited on an 
Au/Si3N4 window demonstrate a lack of Mn
3+/4+ redox at the ORR onset,115 in agreement with ex 
situ L-edge studies which show thermal Mn3+ oxides cannot be re-oxidized in solution.33 Partial 
reduction of Mn3+ was observed for an ORR-relevant potential of 0.7 V vs. RHE in 0.1 M KOH 
(Figure 6B),115 where disordered Mn3O4 was detected in operando by the XAS fine structure, 
displaying reduced peak intensity compared to the crystalline reference.115  The facile reduction of 
these MnIIIOx films to Mn3O4 throughout the film and their high specific activity of 700 µA/cm
2 
at 0.8 V vs. RHE, quantified in a parallel study on glassy carbon substrates,12 contrasts limited 
reduction to Mn3O4 during the ORR reported by others.
118-119 The detection of Mn3O4 might be 
explained by the findings of DFT studies,113 where small crystals favor the formation of the low 
surface energy phase Mn3O4, compared to Mn2O3.
120 Therefore, further in situ characterization of 
different manganese oxides prepared by different synthesis routes is needed to provide insights 
into the physical origin of the differences in observed activities. 
 
5. Conclusions and Outlook 
Through studies of crystal structures like perovskites (AMnIII,IVO3±δ) and spinels (M
IIMIII2O4), 
where the crystal structure can be maintained through inclusion of a wide range of chemistries, the 
specific ORR activities of catalysts with a range of Mn valence state can be compared. Mn3+ in 
octahedral coordination is a critical player in the ORR, where incorporation of some Mn4+ can 
improve charge transfer to adsorbed oxygen and promote catalysis. It is desirable to proceed via 
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the four-electron process to form hydroxide and avoid the less efficient two-electron path to 
hydroperoxide. The more reducible α-MnO2 with open structure proceeds via an apparent four-
electron process, in contrast to other polymorphs (and the carbon support), which primarily reduce 
O2 to the hydroperoxide ion. For perovskites, a primarily four-electron process is observed. By 
comparing materials which operate by the two- and four-electron process, it is shown that the 
presence of Mn3+/4+ mixed valence promotes cleavage of the O2 bond and complete reduction to 
OH–. One factor may be increased peroxide decomposition by Mn4+, however further studies are 
needed to distinguish between the apparent and direct four-electron process. 
The active valence state during and resulting from the ORR has been further probed by 
spectroscopic and computational methods. Computations of simple manganese oxides have shown 
the Mn3+ valence state is stable under ORR conditions. In situ evaluation of catalysts with hard X-
ray absorption spectroscopy highlights the reduction of Mn under ORR conditions, with highly 
active materials having Mn3+/4+ redox near the ORR onset. Future in situ measurements utilizing 
soft X-rays could provide increased chemical sensitivity, evaluating the Mn valence by X-ray 
absorption121 or probing oxygen speciation with techniques like ambient pressure X-ray 
photoelectron spectroscopy.122 A promising route to elucidate the details of the ORR mechanism 
entails eliminating support surfaces exposed to the electrolyte through the study of epitaxial thin 
film electrodes, which can serve as well-defined model surfaces.36 This recent trend in electrode 
geometry offers great promise in separating the effect of substrate and the manganese oxide surface 
in ORR electrocatalysis,34, 45 establishing the role of oxide conductivity and separating between 
direct and apparent four-electron processes. In combination with electroanalytical measurements 
and in situ spectroscopy, this could yield insight into the ORR mechanism with unprecedented 
clarity. 
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Table 1: Comparison of Mn-contained oxides catalysts at 0.8 V vs. RHE from previous studies, 
including their surface area (SA), specific ORR activity (Is), mass ORR activity (Im), number of 
electron transfer indicated by limiting currents (n), and their crystal structures. The data were 
roughly estimated from CV curves or Tafel plots in 0.1 M KOH electrolyte and the oxides surface 
area were measured using BET technique, unless specifically noted in the table.  The materials 
were sorted by structures with different shadings. (Green: Perovskites or other structures with 
corner-sharing octahedra; Purple: 1D tunnel-structure oxides with edge-sharing octahedra; Blue: 
2D layered oxides with edge-sharing octahedra; Orange: 3D tunnel structure with edge sharing 
octahedra.) In the same structure group, the materials were sorted by specific ORR activity Is. 
Perovskite 1D tunnel 2D layered 3D tunnel 
 
   
 
Material 
SA 
(m2/g) 
Is(μA/cm2ox) Im(A/gox) n 
Structure 
LaMnO3+d 
11 0.5** 1300** 6.5 N/A Perovskite 
La0.67Sr0.33MnO3 
36 N/A 380 N/A N/A Perovskite 
La0.5Ca0.5MnO3 
11 2.1** 330** 6.93 N/A Perovskite 
NP CaMnO2.77 
19 40 183.5  73.4  4.1 Perovskite 
La0.4Sr0.6MnO3* 
22 6.1 180 11 1.7 Perovskite 
La0.8Sr0.2MnO3 (820μg/cm2 C)* 42 16.7 150 25 1.6 Perovskite 
MS CaMnO2.76 
19 36.4 126.8  46.2  4 Perovskite 
NP CaMnO2.90 
19 38.5 115.3  44.4  4 Perovskite 
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MS CaMnO2.50 
19 37 98.0  36.3  3.9 Perovskite 
LaMnO3/NC 
123 11.6** 60 7 N/A Perovskite 
MS CaMnO2.93 
19 33.1 53.4  17.7  3.9 Perovskite 
LaMnO3/NSTO 
34 N/A 40 N/A N/A Perovskite 
La0.8Sr0.2MnO3-x/NSTO 
43 N/A 24 N/A N/A Perovskite 
La0.2Sr0.8MnO3* 
22 6 20 1.2 1.7 Perovskite 
La0.8Sr0.2MnO3-x/C 
43 4.4 14 0.62 N/A Perovskite 
LaMn0.5Ni0.5O3 
11 1.1** 13** 0.143 N/A Perovskite 
LaMnO3 
11 0.6** 13** 0.078 N/A Perovskite 
LaMn0.5Cu0.5O3 
11 1.1** 6.7** 0.0737 3.9 Perovskite 
La0.6Ca0.4Co0.5Mn0.5O3-x/C* 
39 10 6 0.6 2.3 Perovskite 
CaMnO3/C* 
90 67.5** 0.4** 0.27 3.27 Perovskite 
CaMnO3* 
90 67.5** 0.2** 0.135 3.18 Perovskite 
CaMnO3/NSTO 
34 N/A 0.1 N/A N/A Perovskite 
Urchin La0.8Sr0.2MnO3/C 
20 
50 
0.04 0.02 
3.8-
3.9 
Perovskite 
MnOOH/C (36 wt%) 124 20.5** 3.6** 0.74 3.9 
Corner-
sharing 
β-MnO2 15 4.8 67 3.3 2.4 1D tunnel 
α-MnO2/C 21 8 10 0.8 3.8 1D tunnel 
α-MnO2 15 
112.5 
6.4 7.2 
3.7-
4.2 
1D tunnel 
α-MnO2 (nanorod_SF)* 99 147 6 8.8 2.5 1D tunnel 
α-MnO2 (nanorod) 110 19.5 2 0.39 3.89 1D tunnel 
α-MnO2 (nanotube) 110 26 1 0.26 3.94 1D tunnel 
α-Mn2O3* 41 N/A N/A 0.27 3.91 1D tunnel 
γ-MnOOH* 41 N/A N/A 0.3 3.96 1D tunnel 
MnO2/C* 
104 N/A N/A 100 2.3 1D tunnel 
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* Measurement was done in 1 M KOH electrolyte. 
** Surface area (SA) was estimated by particle size from SEM or TEM. 
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